The fabrication of capped microstructures such as channels or cavities typically involves multiple production steps. In this work we demonstrate a fabrication procedure that enables the generation of capped monolithic microstructures of arbitrary geometry in one single exposure step. The presented method also enables the embedment of metal self-aligned surfaces for use as electrodes or mirrors. The devices furthermore demonstrate a capability of increasing fluorescent collection, as measured by an epifluorescent inverted microscope, by up to 15 fold.
Introduction
Microchannels, and microcavities as a special case of a space with a defined geometry, are necessary parts in advanced microfluidics [1] [2] and microelectromechanical systems (MEMs) 3 . They are used for reaction chambers 4 and opto-fluidic platforms 5 . There are diverse methods to manufacture such structures among them, e.g. micro stereo lithography 6 , photolithography 7 , etching 8 and combinations of these methods. In these approaches multiple fabrication steps and sealing procedures are required, since in their final form they are 3D encased spaces.
The fabrication of a separate sealant layer of SU-8 is a common practice often used to assemble these microfluidic systems 2 . It is produced by underexposing a layer of SU-8 that is attached to a sacrificial layer, which is then placed over an open channel and bonded by further exposure of the SU-8 and then baking when in contact with the open channel 2 . Other sealing methods involve attaching a coverslip using normal UV curable glue 1 . This, however, could lead to filling of microchannels and rendering a carefully constructed microsystem useless. Either way the attachment of the sealant is a very delicate procedure that could lead to the partial destruction of the microstructures.
In this work we present the fabrication of partially and totally confined SU-8 (10) microcavities of varied geometries in a single SU-8 exposure step and we demonstrate its' use for efficient fluorescence collection from indicators within the cavities, which show a fifteen-fold signal increase with respect to the open structures. We characterize fabrication parameters such as exposure time and geometry on mask transferred substrates for the generation of different 3D cavities. Numerical simulations supporting the interpretation of the diffraction profile emanating from the lithographic mask for the creation of the microcavities are also presented.
Experimental
Standard microscope glass slides (Menzel-Glaser microscope slides) were cleaned in H 2 O : H 2 O 2 : HCl (6:1:1) for 10 mins, to remove any residue and provide a good surface for SU-8 attachment. After drying with N 2 gas, 150 nm of Cr were deposited through thermal evaporation onto one side of the slides. Following the procedure laid out in 7 a Cr mask was produced on the glass slide to be then spun-coated with SU-8 (to a film thickness between 25-30 µm). By exposing this to photon energies ranging from 144 mJ/cm 2 to 252 mJ/cm 2 in the manner of Fig. 1 (a) various forms of microcavities were produced. 
Results and Discussion
There are a number of benefits to exposing the SU-8 from the glass side through an embedded mask 7 ; such that efficient exposure to the SU-8 in contact with the substrate provides proper adhesion while eliminating any tapering at the base of the microstructure. However, it also creates a situation whereby it is possible to control the tapering at the tips of adjacent structures to form a roof on a well-defined and confined microstructure.
Considering now the Fresnel diffraction that will occur as the UV light passes through a b = 20 µm mask aperture along the SU-8 thickness, for z ∈ [0, 30 µm] for UV light (λ=365 nm), the intensity distribution can be calculated and simulated in Matlab 9 ( figure 1(b) ). The coarser illuminating profile, in figure 1(b), is located at what is to become the base of the microstructure, which then spreads out away from the aperture. As expected from diffraction theory 10 the calculation also shows that the illuminating pattern extends beyond the aperture and through the "dark" region covered by the mask above the Cr surface.
In our arrangement with the exposure through the glass, the tip of the microstructure is 30 µm from the mask aperture, so any SU-8 at this depth requires approximately 170 mJ/cm 2 to cross-link. As diffracted light exposes the SU-8 inside the masked region it can lead to negative sidewall profiles of the developed microstructures, depending on the exposure dose 11 . By introducing a second aperture at a distance d = 30 µm from each other will thus create the situation illustrated in figure 1(c) . This figure shows that the diffracted light from each side will overlap producing an exposure profile able to cross-link the SU-8 inside the masked region and above the Cr mask, but not close to the substrate, which in turn leads to the creation of microcavities between adjacent microstructures. Figure 2 , column 1, demonstrates results of this fabrication procedure for (a) square, (b) hexagonal and (c) circular periodical apertures, illuminating 30 µm high SU-8 (10), which creates 3D microcavities by cross-linking of the SU-8 in the masked regions. To then estimate the exposure pattern at z = 30 µm for a 2D periodic mask with the considered aperture geometries we follow Poons' approach 12 . The results of which show how the calculated exposure patterns support the observed microcavities.
For instance, the square mask creates a diffraction pattern at 30 µm from the substrate that extends perpendicular to the aperture sides creating a low exposure region at the centre of four adjacent squares. A similar effect is seen when hexagonal structures are examined except now a triangular area is under exposed. Finally, the circular structure, which provides the most homogeneous intensity pattern of the UV light, is used here to illustrate the closed cavities. By comparing these to the SEM pictures, of figure 2 column 1, a clear validation of the modeling can be seen with model features being replicated in experimental results and that the degree of connectivity between the microstructures is clearly linked to the exposure supplied to the cross-linking process (the intensity scale in the simulation and profiles is non-linear in order to underscore the intensity distribution outside the apertures). Thus by designing a 3D exposure strategy capped monolithic cavities of diverse geometries can be created in a single SU-8 exposure procedure.
To test the effectiveness of microcavities to contain substances and aid the detection of fluorescent indicators, 0.5 mM of rhodamine, dissolved in acetone, was dropped at the edge of circular structures and allowed to fill the channels through capillary action 13 and compared with open structures coated in the same solution. Figure 3 The fluorescence signal is much larger in the closed microcavities than from normal open pillar microstructures and this is in part due to the presence of Cr on the base of the microcavities, which is seen in figure 3(a2) , which shows a higher fluorescence signal between the pillars when a mirror is present than when it is not. However, this accounts for only a minor contribution of the total intensity boost achieved with the microcavities, so to better illustrate this difference between the fluorescent signals a profile plot along the white lines of the images (a1) and (a3) is shown in figure 3(b) . Due to the intensity of the red fluorescent light, from the rhodamine, the red channel of the camera was easily saturated therefore the values presented in figure 3(b) are from the green channel of the pictures, which partially overlaps with the emission band of a rhodamine filter thereby allowing access to the gain in fluorescent signal using a non-saturated channel while under identical camera settings.
The profiles of figure 3(b) show two distinct areas of increased fluorescence G1 and G2; firstly at the edge of the pillar structures, forming the ring of figure 3(a) , providing an approximately three-fold increase in fluorescence collection (G1) and secondly in between these structures, in the microcavities, where a fifteen-fold increase in fluorescence collection can be seen (G2).
As put forward in 14 the majority of fluorescent light from a dipole will be emitted into the dielectric with the higher refractive index, at angles above the critical angle of the dielectric 15, 16, 17 . This poses a problem in that light emitted above the critical angle of a substrate will remain confined within the substrate. However due to the orientation of the surfaces with regard to the emission direction it is possible for the fluorescent light, in our case, to escape confinement to a larger extent and provide the greater fluorescence signal.
In summary, SU-8 microcavities can improve fluorescent collection. While at the same time they demonstrate the feasibility of producing in a single SU-8 exposure step closed microstructures thereby simplifying the manufacture of microfluidic systems with self-aligned metal surfaces. 
Conclusions
In order to close microstructured channels and chambers, creating in essence a microcavity, a multiple stepped procedure is normally required. In this paper we have shown that by designing the 3D exposure profile and illuminating from the substrate side capped monolithic structures can be achieved in a single SU-8 exposure and with the additional benefit to naturally embed self aligned metal electrodes inside, where the Cr mask could be replaced by any other metal, and be used for example for electrochemical detection, dielectrophoretic pumps and electro wetting 18, 19, 20 We have also demonstrated a clear application of this technique resulting in up to a fifteen-fold increase in fluorescence collection by using microcavities to observe fluorescent fluids, which could represent a measuring region in a regular fluidic structure.
